Autism spectrum disorder (ASD) affects 0.6 to 1% of the population worldwide. It is characterized by a deficit in communication and social interaction, and is associated with restricted and repetitive behavior patterns. Stereotypes include inflexible adhesion to specific non-functional routines and rituals and a persistent concern with parts of objects rather than the object as a whole. Up to the present time, there are no specific tests that permit a laboratory diagnosis of the disorder to be carried out, and the syndrome is confirmed by clinical observation in the first 36 months of the patient's life. Clinical manifestations such as epilepsy, mental retardation, sleep disorders, hyperactivity, irritability and auto-and heteroaggressiveness may alter the patient's prognosis. Around 50% of children with ASD fulfill the criteria for attention deficit hyperactivity disorder (ADHD). Symptoms of oppositional defiant disorder (ODD) associated with autism appear to indicate a distinct phenotype requiring specific therapeutic measures. ASD is not a discrete nosological entity but, rather, a multifactorial syndrome associated with different phenotypic and biological presentations. Various disorders such as pathologies of the gastrointestinal tract have been linked to ASD, not only insofar as causality is concerned but also with respect to their role in aggravating the disease. Other associated disorders include lesions in physiological processes such as the redox metabolism, mitochondrial dysfunction and enzymatic regulation of essential metabolites. Currently, studies on direct and indirect markers of mitochondrial metabolism associated with anomalies found in the brain of these patients point to the possibility of these markers being used as tools with which to reach a diagnosis that would be laboratory-based rather than merely clinical.
INTRODUCTION
Autism spectrum disorder (ASD) affects 0.6 to 1% of the population worldwide. Its onset occurs at an early age and the symptoms and associated functional impairment persist throughout life.
(1) The typical symptoms begin to be noted in the first three years of life and affect the child's development. Up to the present time, there are no specific tests that would allow the diagnosis to be laboratory-based. Diagnosis of the syndrome is confirmed by clinical observation during the first 36 months of the child's life (2) In more severe cases, the symptomatology manifests itself before the child completes his/ her first year of life, although there are cases in which, according to the parents, no manifestations whatsoever were present in the apparently normal first 24 months of life. (3) According to the Diagnostic and Statistical Manual of Mental Disorders, fifth edition (DSM-5), ASD is characterized as persistent deficits in social communication and social interaction across multiple contexts, associated with restricted patterns of behavior, interests or activities. Difficulties in spontaneity, imitation and social games are common findings, as are deficits in social-emotional reciprocity. (4, 5) In relation to communication, the development of speech is delayed and language use is stereotyped and repetitive, with no ability to initiate or sustain a conversation. (6) In addition, in cases in which communication is affected to a lesser extent, pronoun reversal and immediate and delayed echolalia may be present. (5, 6) Another area affected refers to restrict, repetitive patterns of behavior, interests and activities. These may be manifest as inflexible adherence to specific, nonfunctional routines and rituals and in persistent concern with parts of objects rather than the object as a whole. (3, 4) When simple changes to routine activities are proposed, manifestations of resistance and distress are common. (2) Some clinical manifestations such as epilepsy, mental retardation, sleep disorders, hyperactivity, irritability, auto-and hetero-aggressiveness may modify the prognosis of the affected child. (7) ASD is often associated with mental retardation, epilepsy and genetic complications, particularly the Fragile X syndrome. (8) According to Pondé et al., (9) around 50% of children with a diagnosis of autism fulfill the criteria for a diagnosis of attention deficit hyperactivity disorder (ADHD). Little information is available on the learning difficulties associated with ADHD symptoms in autistic children; however, recent studies suggest a strong association between symptoms of ADHD and learning difficulties. (10, 11) These studies make it reasonable to speculate that the presence of ADHD symptoms in patients with ASD may hamper learning. Nevertheless, treatment of ADHD symptoms with methylphenidate (Ritalin), a drug much used at the moment for the treatment of ADHD, has been found to be less effective and the rate of side effects is higher.
(12) This inadequacy of the treatment demands a more specific investigation.
Other symptoms associated with ASD such as aggressiveness, oppositional behavior and alterations in behavior may also affect the possibility of the child accessing socio-educational measures and, consequently, his/her social adaptation and prognosis. According to Gadow et al., (13) symptoms of oppositional defiant disorder (ODD) associated with autism appear to indicate a different phenotype, requiring specific treatment. Auto-and heteroaggressive behavior in individuals with ASD appears to be associated with a cognitive deficit and a poorer prognosis insofar as social adaptation is concerned. (14) Furthermore, irritability and the aforementioned types of aggressiveness may result in physical risks to the child and most often interfere negatively in his/her regular contacts with the rest of society, in his/her access to education and, in addition, require pharmacological interventions to contain disruptive behavior . (15, 16) Since ASD is a multifactorial syndrome, its origin is as yet unknown. Autism is not a discrete nosological entity but, rather, a broad syndrome that varies both with respect to the intensity of central symptoms and to the presence of associated symptoms, thus generating a huge variety of clinical presentations. Therefore, by taking causal factors associated with ASD into account, the different phenotypic and neurobiological presentations must be considered.
According to Samsam et al., (17) many biological disorders are associated with ASD, not only insofar as causality is concerned but also with respect to the severity of the disease. Of these disorders, those authors emphasized pathologies of the gastrointestinal tract, including dysbiosis, inflammatory bowel disease, exocrine pancreatic insufficiency, coeliac disease, poor digestion, poor absorption, food intolerance and food allergies, all of which can result in malnutrition. On the other hand, ASD is strongly associated with deficiencies in basic physiological processes, the most important of which include the mitochondrial redox metabolism and abnormalities in the regulation of essential metabolites such as folic acid, tetrahydrobiopterin, glutathione, cholesterol, carnitine and branchedchain amino acids. (18) Part of these studies was conducted using peripheral markers of metabolism; however, various anomalies were also found in the brains of these individuals, principally those associated with mitochondrial dysfunction and oxidative stress. (19) 
OXIDATIVE STRESS
Mitochondria are cytoplasmic organelles surrounded by a double membrane, and their principal function is to synthesize adenosine triphosphate (ATP), the most important energy transporter in all aerobic cells. Its principal substrate, acetylcoenzyme A (Acetyl-CoA), is generated from glucose metabolism, from the β-oxidation of fatty acids and, partially, from glycogenic amino acids, which are metabolized by the Krebs cycle and by the oxidative metabolism of fatty acids. (20) The Krebs cycle generates nicotinamide-adenine dinucleotide (NADH) and flavin-adenine dinucleotide (FADH2), both reduced, that transport hydrogen to the mitochondrial respiratory chain where a series of oxidation-reduction reactions occur, leading to the synthesis of ATP by the oxidative phosphorylation of ADP. (20) The biochemical signature of a mitochondrial lesion appears in the form of metabolites that divert hydrogen or electrons from the respiratory chain. Since no cell survives without an effective defense, the mitochondria represent the organism's frontline of defence, since they are directly involved in activating pathways linked to innate immunity and to the control of inflammatory responses. (21) Therefore, one of the most important functions of the mitochondria refers to the metabolic response to lesions. (22) Since they are the only organelles in the cells of mammals with their own genome, they possess an entire electron transport chain codified by mitochondrial DNA (DNAmt) and by nuclear DNA (DNAn), which also codify the mitochondrial enzymes that participate in the oxidation of carbohydrates and fatty acids. Therefore, any mutation that occurs in the genome may hamper mitochondrial function and lead to a variety of deficiencies. (23) Furthermore, the electron transport chain constitutes the principal source of reactive oxygen species (ROS), (24) which are normally detoxicated by the enzymes superoxide dismutase, glutathione oxidoreductase (GOR) and catalase. For the production of GOR, mitochondria depend on cytoplasmic metabolism. When the level of GOR decreases, the cells consequently become more vulnerable to oxidative stress. (18) Nevertheless, when there is an increase in ROS, apoptosis begins in two ways: through extrinsic pathways (cytoplasmic) or intrinsic pathways (mitochondrial). (25) This process permits activation of another mechanism of mitochondrial defense that removes cells that are no longer necessary and the lesions caused by pathogenic agents. (26) Mitochondria contain a proteome with 1500 proteins, and around 1000 of these proteins exert catalytic functions in the cell metabolism, acting as enzymes. Under normal physiological conditions, nutrients and metabolic substrates are regulated by several of these enzymes. (24) However, when their concentrations change as the result of infections or other aggressions, the mitochondria detect the incompatibility between the concentration and demand in the affected tissue, divert the flow of electrons and reduce oxygen consumption. (18) When this consumption falls, oxygen concentration in the cell increases, the reduction-oxidation processes are changed and the biosynthesis of polymers (DNA, RNA, complex lipids, proteins and polysaccharides) is interrupted due to the reduction in the NADPH/ NADP+ ratio and in the free energy available. (26) Under greater oxidizing conditions, the uptake of electrons increases as a function of the growing presence of molecular oxygen. From this, there is oxidation of the iron-sulphur clusters and of the redox-sensitive sites in numerous proteins that protect the cell membrane from new attacks. (24) The effect of oxidative stress on mitochondrial function in individuals with autism spectrum disorder suggests that there is an imbalance between ROS generation and the antioxidant defense mechanism in the organism of these individuals. This would be motivated by various enzymatic alterations such as: reduction of glutathione peroxidase (GPx) in plasma (27) and in the erythrocytes; (27, 28) a smaller proportion of reduced glutathione in relation to oxidized glutathione (GSSG) in the cytoplasm; (24) a reduction in catalase activities (18) and in superoxide dismutase (SOD) in the erythrocytes. (28) Superoxide dismutase, catalase and glutathione peroxidase, considered primary enzymes, are directly involved in eliminating ROS and depend on glutathione reductase, glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase. As secondary antioxidants, they help maintain reduced glutathione and NADPH levels constant. (20) In addition, to assure that this entire mechanism functions well, these enzymes need metal cofactors (micronutrients) such as selenium, iron, copper, zinc and manganese. (20) Nevertheless, the aforementioned defense mechanism may be compromised in autistic individuals. The dietary intake of these individuals is replete with restrictions due to their oral, olfactory and tactile hypersensitivity, (29) which is related to texture, color, taste, the shape of food, difficulties in chewing and swallowing, (30) and gastrointestinal disorders. (31) Some studies show that nutritional deficiencies (32) and even malnutrition are a consequence of this condition. (33) On the other hand, neurones are extremely susceptible to oxidative stress and various factors limit their capacity to support oxidation. (34) These factors include a) a high level of substrates that are easily oxidized (polyunsaturated fatty acids); b) relatively low levels of antioxidants (GOR and antioxidant enzymes); and c) the endogenous generation of ROS through reactions that lead to the endogenous production of nitric oxide (NO). (34) Furthermore, the nervous system is vulnerable to oxidative damage due to the fact that replication of its cells is difficult, since, once damaged, they become permanently dysfunctional, in addition to interfering with the mechanism of apoptosis. (25) Rose et al. (35) evaluated frozen samples of the cerebellum and temporal cortex of autistic individuals and found a reduction in the level of GOR and in the GOR/GSSG ratio, and a reduction in the activity of mitochondrial aconitase (a biomarker of superoxide production), in addition to an increase in oxidative damage in the mitochondrial DNA protein. These results show a lower antioxidant capacity and an increase in oxidative stress in the brain of these individuals, which may have functional consequences in terms of a chronic inflammatory response and in increasing the production of mitochondrial superoxide and oxidative damage to DNA proteins.
MITOCHONDRIAL DYSFUNCTION
Various diseases are associated with mutations in mitochondrial DNA (DNAmt) and nuclear DNA (DNAn) result in functional defects in these organelles or in their inability to minimize the consequences of oxidative stress. (36) DNA mutations and the consequent degradation of proteins, lipids and nucleic acids, most probably caused by the action of ROS, are probably involved in the genesis of mitochondrial diseases. Nevertheless, in accordance with the oxidative shielding mechanism, (24) the functional and metabolic defects occur prior to the increase in ROS and prior to the oxidative changes. The increase in the production of these radicals may occur in response to the disease rather than seeming to be the cause. Therefore, it is not the right oxidative changes to which treatment should be directed but, rather, to the metabolic conditions that create them. On the other hand, spacial proximity of DNAmt to these radicals produced in the electron transport chain makes it singularly susceptible to mutations, particularly when the electron transport chain is dysfunctional. (36) Cells with a more active metabolism, which physiologically need more energy, such as the muscles, the digestive tract and the neurones, depend to a greater extent on mitochondrial metabolism. Neuronal synapses that biosynthesize the neurotransmitters require more energy; therefore, they are more sensitive to mitochondrial dysfunction (MD) (34) and their phenotypic presentation is broader. Their diagnosis is based on various clinical, histological and biochemical parameters, on neuroimaging and some enzymatic findings.
Up to the present time, there is no specific biomarker with which to identify mitochondrial dysfunction. Nevertheless, some laboratory measurements have been described as direct biomarkers (lactate dehydrogenase, pyruvate decarboxylase, the lactate/pyruvate ratio, ubiquinone, alanine, the alanine/lysine ratio and acylcarnitine) and indirect biomarkers (creatine phosphotransferase [CPK] , carnitine, aspartate aminotransferase [AST] and plasma ammonia). (18, 37, 38) These markers may be abnormal for various reasons: mitochondrial dysfunction hampers aerobic respiration, leading to a reduction in the function of the Krebs cycle, which results in an increase in pyruvate, in NAD+ and in other intermediate metabolites. Pyruvate, which is reduced to lactate and transamination to alanine, promotes an increase in these metabolites in plasma. (18) Inhibition of aerobic respiration also hampers the β-oxidation of fatty acids and consequently increases acylcarnitine levels. Cytoplasmic glycolysis increases when aerobic respiration is not enough to meet the demands of cellular energy. Since lactate is one of the final products of this glycolysis, the inhibition of aerobic respiration increases lactate even further. These results suggest that evaluating lactacidemia could be useful for reaching a preliminary diagnosis of mitochondrial dysfunction. (25) Indirect markers may also be abnormal. Depletion of total and free carnitine may occur as a consequence of the failure to convert fatty acids. (37) In conditions of deficient oxygenation, ammonia is produced when adenosine monophosphate is transformed into inosine monophosphate by the enzyme adenosine deaminase (ADA) in order to increase the biosynthesis of ATP. Since the biosynthesis of urea is partially located in the mitochondria, mitochondrial dysfunction may result in secondary dysfunction of ureogenesis and an increase in ammonia. Furthermore, the integrity of tissues that require a lot of energy, such as the muscles, may be compromised following mitochondrial dysfunction, resulting in increases in the indicators of tissue damage such as creatine phosphotransferase, lactate dehydrogenase, AST and ALT. (38) Mitochondrial dysfunction can be considered to be primary or secondary. Primary mitochondrial dysfunction generally refers to dysfunction caused by a genetic defect directly involved in the function of mitochondrial systems responsible for ATP production, while secondary mitochondrial dysfunction refers to other abnormalities in the metabolic or genetic processes. (36) Secondary causes include certain drugs; carboxylic acids such as propionic acid; high concentrations of tumor necrosis factor alpha (TNFα); cerebral folate deficiency; malnutrition; vitamin B6 and iron deficiency; increased nitric oxide; deficiency of reduced glutathione; oxidative stress; and exposure to environmental toxins. (26) In some individuals, results are consistent with mitochondrial dysfunction; however, they do not have any identifiable genetic defect or do not fulfill the criteria for a probable diagnosis. It is possible that these individuals have secondary mitochondrial dysfunction or an as yet unidentified genetic abnormality.
Mitochondrial dysfunction has been associated with psychiatric (23) and neurological (39) diseases and with autism spectrum disorder. (34) In the meta-analysis conducted by Rossignol and Frye, (18) a prevalence of 5% of mitochondrial dysfunction was found in children with ASD with abnormal values of direct biomarkers (lactate, pyruvate and the lactate/pyruvate ratio) and indirect biomarkers (carnitine, ammonia, creatine phosphotransferase and AST). In that same review, children with ASD and mitochondrial dysfunction had several clinical characteristics such as regression in development, convulsions, delayed motor development, gastrointestinal alterations and a greater prevalence of increased lactate and pyruvate compared to the population with autism alone.
Finally, other biochemical abnormalities can contribute to secondary mitochondrial dysfunction. Several studies (35, 37, 38, 40) have reported lower mean glutathione levels in children with ASD compared to controls. From the point of view of mitochondrial function, this finding is very concerning, since that substance combats the adverse effects of tumor necrosis factor alpha (TNFα), a proinflammatory cytokine that inhibits mitochondrial function. Corroborating this finding, the study conducted by Rose et al. (41) reported higher TNFα levels in lymphocytes, in cerebrospinal fluid and in the brains of autistic individuals compared to a control group.
CONCLUSION
In view of the above and of the important role of biochemical factors in establishing ASD, further studies should be conducted with the objective of identifying more specific markers that can help diagnose this disorder and monitor therapy that is still in development for children with ASD.
